To evaluate graphene grown by a new method based on gas-source molecular beam epitaxy (MBE), in which a cracked-ethanol source is employed, from the macroscopic viewpoint, we investigated crystal truncation rod scattering by x-ray reflectivity measurement. From the analysis of the x-ray reflectivity data, we found that the MBE-grown graphene forms a layered atomic structure from the macroscopic view, too. The average spacing of the MBE-grown graphene was 3.39Å, which is larger than the interlayer spacing values for bulk crystalline graphite, and the height distributions of the MBE-grown graphene were relatively large. The occupancies of the graphene are smaller than unity and are smaller than that of its underlying graphene, suggesting that graphene did not grow in a layer-by-layer manner but in a three dimensional one, while each layer grew laterally. These results indicate that our new approach is feasible for the formation of wafer-scale graphene, although further improvement of the quality of the graphene by optimizing the growth condition is needed.
INTRODUCTION
Because of the excellent electrical performance of fewlayer graphene (FLG), it has attracted much attention as an electronics material for the next generation of devices. However, the performance of FLG was demonstrated using small micrometer-size pieces of FLG exfoliated from bulk graphite [1] and they are not suitable for large-scale manufacturing. Hence, establishing alternative ways of forming wafer-scale FLG is of great interest from the viewpoint of large-scale integration.
Many researchers have been looking at graphene formation by means of epitaxy on SiC [2] or on transition metals [3, 4] as alternative processes, which are based on familiar phenomena in the surface science field. However, in these methods, the significant interaction between the FLG and substrates restricts the application of the FLG in the as-grown condition. Hence, the research target for this graphene is shifting to finding ways to reduce the interaction by the intercalation of atoms, such as hydrogen [5] and gold [6] , in the case of the SiC, and to transfer it onto another substrate [7] in the case of transition metals. Thus, those methods are closest to practical use at present but still under investigation.
Recently, some new alternative approaches to obtaining graphene have been proposed. We have proposed a new method based on gas-source molecular beam epitaxy (MBE), in which a cracked-ethanol source is employed [8] . This growth method allows us to independently con-trol the substrate temperature and the supply of growth material. This could lead to growth mode control in a layer-by-layer manner at high temperature, which would result in high-quality and large-domain growth. In our previous study, we showed the feasibility of this growth method through the atomic layer structure of the grown graphene observed by transmission electron microscopy (TEM). However, since the idea of using TEM to macroscopically evaluate the grown thin layer is practically unimaginable. In this study, we evaluated the graphene grown by our new method using crystal truncation rod (CTR) scattering from the macroscopic viewpoint.
II. EXPERIMENTAL
For the growth, an ultrahigh-vacuum growth system was equipped with an ethanol-gas supply system with a cracking unit consisting of a W filament. Cracked ethanol was supplied to the substrates, with its flow rate controlled with a mass flow controller. Effective growth species derived from the cracked ethanol was extrapolated to be ethylene from the activation energy estimated by the dependence of W-filament temperature on the graphiticmaterial deposition rate [9] . Because we expected homoepitaxial growth, we used graphene layers formed on n-type 6H-SiC(0001) and additional graphene layers were formed on them by the MBE. Details of the graphene formation and the determination of its layer number are described elsewhere [10] . Prior to the growth, the substrate was annealed at 550
• C for one hour under a vacuum of less than 10 −8 Torr. For the growth, the substrate was first heated to around 620
• C and the Wfilament temperature was set at 2000
• C. Then, the supply of ethanol gas and the growth were started. During the growth, the pressure was 4 × 10 −5 Torr. The total growth time was six hours. The growth system is also equipped with a monochromatized Al Kα source (1486.6 eV) and a photoelectron analyzer. Using x-ray photoelectron spectroscopy (XPS) system, we performed in situ measurements. After the MBE growth, the number of graphene layers, estimated by the photoelectron attenuation of xray photoelectron spectroscopy (XPS), increased by about four. Further details of the graphene growth are described in [8] .
After the growth, the substrate was removed from the growth system and about 100 nm of amorphous carbon thin film was deposited on the sample to capture TEM images. X-ray reflectivity was measured on this sample using the hard x-ray (12 keV) at the beamline of BL46XU of SPring-8 and the CTR scattering spectrum was obtained. During the reflectivity measurements, the sample was covered with a transparent dome made of kapton, which was filled with atmospheric He gas. Even in this situation, the exposed graphene layer was easily destroyed, perhaps due to the plasma of residual gas, such as oxygen and nitrogen, created by the intense x-ray. Thus, the amorphous carbon was needed to measure the reflectivity and served as a protective covering to prevent the degradation of graphene layers.
III. RESULTS AND DISCUSSION
A.
Macroscopic thickness of graphene before MBE growth
The initial graphene thickness was three to four layers, [8] which was determined by low-energy electron microscope (LEEM) observation [10] . This thickness was determined for the microscopic specific area of the substrate center and appropriate value for discussing the structure and thickness observed by TEM. However, for the x-ray reflection measurement, the size of its observed area was several millimeters in the longitudinal direction of the xray beam and far larger than the LEEM observation area. Hence, the thickness of the graphene layer before the MBE growth was estimated by XPS, a macroscopic method, using C 1s core-level photoelectron spectra.
As a reference, graphene formed by the thermal decomposition of SiC at substrate temperature of 1820
• C and Ar pressure of 90 Torr was used. Atomic force microscopy (AFM) topographic (height) and phase images are shown in Fig. 1 . This graphene was formed by using an infrared heating system, which can uniformly heat a whole substrate whose size is 1 cm square. In the phase images, areas with two or more layers of graphene appear brighter than areas with monolayer graphene [11] . In the phase image, the brighter area occupies 25.2 % of the whole image. From this value, we estimated the graphene thickness of this sample to be 1.25 monolayers (MLs), assuming brighter area indicates two MLs. The C 1s core-level photoelectron spectrum of this reference sample is shown in Fig. 2(a) . Applying a curve-fit procedure shows that the C 1s spectra have three components [12] located at binding energies of 283.8, 284.8, and 285.5 eV. These components corresponding respectively to bulk SiC, graphite/graphene, and the interface (buffer) layers (6 √ 3 × 6 √ 3) are denoted as SiC, G, and I in Fig. 2(a) .
Figure 2(b) shows the C 1s spectrum of the sample used in this study before the MBE growth. The three components obtained by the fitting are shown below the spectrum. Here, when the photoelectron intensities of graphene component I G and SiC substrate component I SiC are used, the thickness of graphene d is calculated by the following equations:
where λ 1 , θ, and A represent the photoelectron mean free path (MFP) of graphene, the takeoff angle of photoelectrons, 25
• in this experiment, and a constant introduced using densities of carbon atoms, the MFP of C 1s photoelectrons, and the yield of C 1s photoelectrons for graphene and SiC substrate. Because the graphene thickness of the reference sample is known to be the value mentioned above, when we use the intensities of the two components in Fig. 2(a) and assume λ 1 21.3Å [13] , A can be calculated. Then, using this value of A, we can calculate the thickness of the graphene of the sample used in this study before the MBE growth, and the value is 1.79 MLs when the intensities of the two components in Fig. 2(b) are used. This indicates that the average graphene thickness is about two MLs for the observation area of the x-ray reflection measurement on the sample before the MBE growth.
B. X-ray reflectivity measurement after MBE growth
To obtain detailed information about the graphene layers, we measured x-ray reflectivity for the sample grown by MBE. The data were collected by integrating rocking curves around q = 0 for different perpendicular momentum-transfer vectors, q ⊥ = 2π /c SiC , where q = k f − k i . This measurement geometry is shown in Fig. 3 . To analyze the data, we used a calculation model similar to the one demonstrated by Hass et al. [14, 15] . The structural model we used is shown in Fig. 4 
Using the structural model, the scattered x-ray intensity I(Θ, ) can be calculated by the sum of three scattered amplitudes: the bulk F bulk , the interface region F I , and the graphene F G .
I(Θ, ) = A(Θ, )
F bulk ( )
(3) A(Θ, ) is as term that contains all corrections due to the experimental geometry. The ratio of the areal densities of the SiC(0001) and a graphene (0001) plane, ρ G /ρ SiC = 3.132, is used to properly normalize the scattered amplitude from the graphene layer per SiC(0001) unit cell.
The structure factor of the interface region between bulk and the graphene film corresponding to F I ( ) in Eq. (3) can be written as 
where ρ j is relative atom density for the jth interface layer at a vertical position z j and f j ( ) is the atomic form factor of C or Si. This interface structure between SiC and the graphene is assumed to consist of five layers. In this study, we examined the fitting only for the carbon atom model (one Si layer and four C layers) because the best reflectivity fit to the data is nearly identical for the other models including additional Si layer described in the reference [14] and because we believe that this model is the most probable considering the growth model of graphene from SiC. [16] Since the lateral distribution of graphene layers varies, we defined occupancy parameter p n as the fractional surface area for each graphene layer. Then, the multilayer graphene structure factor can be written in the general form
where f c is the atomic form factor for carbon and N is the number of layers of the graphene. The d n is the spacing between the graphene layer and the underlying atomic layer as shown in Fig. 4 . F n ( ) is a structural factor for a small vertical height distribution in each graphene layer and σ n is assumed for a random vertical disorder of each layer. We did not use the average value; instead, we independently set d n for each graphene layer. This is our Hass-model [14, 15] modification for obtaining the information about graphene layer grown by MBE. Reflectivity data for the MBE-grown graphene sample are shown in Fig. 5 . Open circles are the data calculated by integrating rocking curves. The three panels in Fig. 5 contain the same experimental data. For each panel, the best-fit result is also indicated by a line when five, six, and seven layers of graphene are assumed. In addition to sharp prominent peaks from the SiC bulk, broad peaks were observed at of 3, 6 and 9. These peaks, which could not be detected using a laboratory x-ray source, are derived from graphene.
By comparing the three fitting result, especially looking at the intensities of the broad peaks derived from graphene, we found that seven layers of graphene best reproduce the x-ray reflectivity data (right panel in Fig. 5 ). Table I lists the fitting parameters for the seven-layer model. Because the initial graphene layer formed by thermal decomposition of SiC in LEEM apparatus is about two MLs, parameters for the first and second layer in Table I correspond to those for the initial graphene layer. Consequently, the parameters of the third to seventh graphene layers correspond to those of the MBE grown graphene layer.
C. Discussion of MBE-grown graphene
From Table I , the average of the spacing of the MBEgrown graphene is 3.39Å, which is the average of inter- layer spacing values for bulk crystalline graphite (3.354Å) and turbostratic graphite (3.440Å) [15] . The spacing of the initial graphene layer is 3.35Å, which is nearly identical to that of bulk crystalline graphite. These results indicates that the atomic arrangement of the MBEgrown graphene layer is not well aligned to the underlying graphene layer due to weak interlayer interaction, suggesting that its atomic arrangement rotates in plane, although the atomic arrangement of graphene remains. This rotation of atomic arrangement is consistent with a reflection high-energy electron diffraction (RHEED) observation of another sample on which about one ML of graphene had been grown at the same substrate temperature [9] . In addition, the height distributions of the MBE-grown graphene are larger than that of the initial graphene, indicating that the graphene sheet of the initial graphene is flatter and its quality is better than the MBE-grown graphene.
The occupancies of the MBE-grown graphene are smaller than unity. This is in contrast to the occupancies of the initial graphene, which are nearly unity. Additionally, they are smaller than that of their underlying graphene. This trend indicates that, although each layer grew laterally, the graphene grew in a three-dimensional (3D) manner by the formation of multilayer islands, which were formed by the nucleation of the second layer on top of monolayer islands before coalescence [17] . Moreover, the sum of the occupancies of the MBE-grown graphene is about two MLs. This is half of the layer number estimated by XPS. This discrepancy implies that a turbostratic phase appears on graphene of such thickness, because the CTR scattering results reflect only layered structures. This result is consistent with a RHEED observation, in which a ring pattern image was observed after the MBE growth.
The results indicate that the initial several layers of graphene form a layered structure, which suggests our growth method is feasible for FLG formation. However, the graphene grew in a 3D mode, indicates that the growth temperature is not high enough for layer-bylayer growth because the short diffusion length of growth species at low temperature induces the multilayer growth mode [17] . Therefore, a higher substrate temperature than that of present study, 620
• C , is needed for single layer graphene or FLG to completely covered the sub-strate by layer-by-layer growth. This high-temperature growth would also improve the quality of the graphene grown by MBE, which could decrease the misalignment of the atomic arrangement between graphene sheets and improve their flatness.
IV. SUMMARY
For graphene formation, we proposed in a previous study a new method based on gas-source MBE, in which a cracked-ethanol source is employed, and showed the feasibility of this growth method. To evaluate the graphene grown by our new method, from the macroscopic viewpoint, we investigated CTR scattering by x-ray reflectivity measurement in the present study. From the analysis of x-ray reflectivity data, we found that a seven-layer structural model reproduces the experimental data, indicating that the topmost five layers form a layered structure from the macroscopic view, also. The average of the spacing of the MBE-grown graphene was 3.39Å, which is the average of interlayer spacing values for bulk crystalline graphite and turbostratic graphite. The height distributions of the MBE-grown graphene were relatively large, indicating that undulation of the graphene sheet was relatively large. The occupancies of the graphene suggest that graphene did not grow in a layer-by-layer manner but instead grew in a 3D manner, while each layer grew laterally. Moreover, the sum of the occupancies was about two MLs, which is half of the layer number estimated by XPS. This discrepancy implies that a turbostratic phase appears on the graphene. These results indicate that our new approach is feasible for the formation of wafer-scale graphene, although the quality of the present MBE-grown graphene is not high. The 3D growth mode and the in plane rotation of the atomic arrangement of the graphene sheet are issues to be resolved. We believe that optimization of growth condition, especially a high growth temperature, will improve the quality of the graphene.
